Abstract Temperature globally affects all chemical processes and biomolecules in living cells. Elevating the temperature of an entire cell accelerates so many biomolecular reactions simultaneously that it is difficult to distinguish the various mechanisms involved. The ability to localize temperature changes to the nanometer range within a cell could provide a powerful new tool for regulating biomolecular activity at the level of individual molecules. The search for a nanoheater for biological research has prompted experiments with carbon nanotubes (CNTs), which have the highest conductivity of any known material. The adsorption of skeletal muscle myosin molecules along the length of single multi-walled CNTs (~10 μm) has allowed researchers to observe the ATP-driven sliding of fluorescently labeled actin filaments. In one study, red-laser irradiation focused on one end of a myosin-coated CNT was used to heat myosin motors locally without directly heating the surrounding water; this laser irradiation instantly accelerated the actin-filament sliding speeds from~6 to~12 μm/s in a reversible manner, indicating a local, real-time heating of myosin motors by approximately Δ12 K. Calculation of heat transfer using the finite element method, based on the estimated temperature along a single CNT with a diameter of 170 nm, indicated a high thermal conductivity of~1540 Wm
Introduction
Carbon nanotubes (CNTs), which are carbon allotropes with a cylindrical nanostructure and a large length/diameter ratio, were first described by Iijima (1991) . CNTs with a diameter of~1 nm are categorized as single-walled nanotubes. Multiwalled nanotubes can have up to several tens of graphitic shells with an~0.34-nm separation between adjacent shells (Popov 2004) . CNTs have unique physical characteristics, including their mechanical strength, electrical and thermal conductivity, and optical properties, which make them valuable in several research fields. In bioscience, CNTs are of particular interest in drug delivery systems, tissue-scaffold reinforcements, and cellular sensors (Cha et al. 2013) .
In this review, we briefly outline recent biomolecular applications of CNTs at the subcellular level and describe how their thermal properties have been used to develop a new CNT nanoheater capable of changing temperatures locally to regulate protein activity in real time.
Thermal conductivity of carbon nanotubes
Single-walled nanotubes can carry a current three orders of magnitude higher than that carried by typical metals, such as copper and aluminum (Hong and Myung 2007) . Owing to this excellent electrical conductivity, CNTs have extremely high thermal conductivity, higher than that of any other known material-up to 7000 and 3000 Wm −1 K −1 at room temperature for single-walled and multi-walled nanotubes, respectively (Table 1) . Most studies have calculated single-walled nanotube thermal conductivity by molecular dynamic (MD) simulation. In contrast to the constant thermal conductivities of metals such as gold (310 Wm − 1 K − 1 ) and copper (401 Wm −1 K −1 ), the thermal conductivities calculated for single-walled nanotubes range from 120 to 7000 Wm
and are dependent on factors such as chirality, potential, and boundary conditions (Berber et al. 2000; Osman and Srivastava 2001; Padgett and Brenner 2004; Lukes and Zhong 2007; Cao and Qu 2012) . In addition to these factors, Mingo and Broido (2005) suggested that the calculated thermal conductivity for single-walled nanotubes depends strongly on length, and this theory was subsequently confirmed by the experimental measurement and analytical model of Pop et al. (2006) . Multi-walled nanotube thermal conductivities have been determined via electrical measurements in a vacuum-with the exception of a study performed by Inoue et al. (2015) . The thermal conductivity of multi-walled nanotubes is dependent on both the length and diameter of the nanotubes, such that it increases with increasing length . but decreases with increasing diameter (Kim et al. 2001; Fujii et al. 2005) . The thermal conductivity of CNTs is much higher than that of other components used in bioscience research, such as water (~0.6 Wm
), and biomolecules such as proteins (0.12-0.23 Wm
) (Lervik et al. 2010 ). Thus, CNTs are an ideal candidate nanomaterial for exploring heat transfer at the level of individual biomolecules.
CNT toxicity in biological applications
Carbon nanotubes have a broad potential in biological applications, such as fluorescence imaging, drug delivery, and thermal ablation (Luo et al. 2013 ). but it is important to assess their toxicity before they are used on a wide scale in biological systems. One toxic biological effect which has been observed is decreased cell viability through membrane damage and subcellular organelle dysfunction; this has been reported by several authors in such cells as human macrophages (Cheng et al. 2009 ). human keratinocytes (Manna et al. 2005) . and mesothelial cells (Pacurari et al. 2008) . Although a concrete mechanism of CNT toxicity is still open to discussion, the CNTinduced generation of reactive oxygen species (ROS) may be a key factor to induce DNA damage and protein modifications (Pacurari et al. 2008; Liu et al. 2011) . CNT toxicity can be strongly enhanced by laser irradiation, which generates both heat and ROS to kill cancer cells (Kam et al. 2005; Murakami et al. 2012) . In some biological applications, CNT toxicity can be minimized by reducing agglomerate CNT structures (Pauluhn 2010) and by processes that functionalize the CNT surface, such as the chemical formation of organometallic structures (Chen et al. 1998; Cui et al. 2004) or noncovalent coatings with phospholipid-polyethylene glycols or other amphiphilic surfactant molecules (Liu et al. 2007 ). Functionalization of CNTs also improves their solubility in water so they can be dispersed as individual tubes in a solution.
Measuring the function of single protein molecules on CNTs
Researchers have successfully achieved the absorption of single protein molecules onto a single CNT whereby the adsorbed protein successfully retained its enzymatic activity, i.e., DNA polymerase I . cAMP-dependent protein kinase A . and lysozyme . as assessed by measuring electrical signals through the CNTs as field-effect transistors. This technique provides a new platform for the continuous, label-free readout of single-biomolecule functionality with a high sensitivity to single mutations . However, in this powerful system for purified proteins in vitro, interpretation of the electrical signals measured requires assumptions and several control experiments, unless the analyzed protein is a motor protein.
Motor proteins
Motor proteins convert chemical energy, such as the free energy of ATP hydrolysis, into mechanical work to drive intracellular transport or cellular movement. Skeletal muscle myosin, a typical motor protein, drives muscle contraction by interactions with actin filaments (Huxley 2000) . The fundamental process of myosin-based motility can be reproduced on a glass surface, allowing the observation of individual fluorescently labeled actin filaments (Yanagida et al. 1984) and their sliding motion, which is propelled by glassadsorbed myosin molecules, in the presence of ATP (Kron and Spudich 1986) . In vitro motility assays have been used to examine the chemo-mechanical cycles of linear motors such as myosin and kinesin (Block 2007) and rotary motors such as F1-ATPase (Noji et al. 1997) . Single-molecule techniques, which were originally developed for motor protein analysis, such as the visualization of single fluorescent molecules, the manipulation of proteins by microneedle or optical tweezers, and the detection of unitary steps and their force (Yanagida et al. 2008) . have now grown into powerful techniques used in a wide range of bioscientific fields.
Researchers have recently combined CNTs and motor proteins. Tsuchiya et al. (2010) constructed a container transport system, powered by myosin-VI that can move CNTs along an intracellular track of actin filaments. Multi-walled CNTs and semiconductor nanowires can be used as a onedimensional (1-D) track for the myosin-based sliding of actin filaments (Siethoff et al. 2014 ) and the kinesin-based sliding of microtubules (Sikora et al. 2014) . Motor proteins are compatible with CNTs and produce activity that is easily observed, such as actin-binding kinetics and enzyme-based motile activity. Thus, the use of motor proteins is ideal for experiments aimed at developing CNTs as novel nanoheaters for regulating the activity of individual biomolecules.
Observation of motor function on a single CNT
In the quest to develop nanoheaters to regulate motor protein activity, Inoue et al. (2015) performed an in vitro motility assay on individual multi-walled CNTs. The length (8.3 ± 4.2 μm) and diameter (174 ± 51 nm) of the multi-walled CNTs used in their assay are shown in Fig. 1a , b. The CNTs were dispersed with the detergent Tween-20 and coated with myosin molecules non-specifically. After unbound myosin molecules were removed from the system by repeated cycles of centrifugation and washing with buffer solution, the CNTs were used as myosin-coated CNTs. A myosin-coated CNT existing in solution as a single fiber on a glass surface was selected using scattered light intensity in a dark-field image (Fig. 1b) . The sliding motion of fluorescently labeled actin filaments on the myosin-coated CNT was clearly observed in the presence of ATP under fluorescence microscopy ( Fig. 1c) . This sliding movement, which was distinct from Brownian motion and the passive flow of solution, provided evidence that active myosin molecules were present on the CNT. The average speeds measured on the myosin-coated CNT (8.7 ± 3.5 μm/s; n = 32) were comparable to those measured on the glass surface in control experiments (6.0 ± 1.2 μm/s; n = 20), indicating that myosin motors retain their normal motile activity when adsorbed onto a CNT. Earlier studies with CNTs or semiconductor nanowires had reported sliding speeds far below the physiological speed-less than 20 % of that of kinesin (Sikora et al. 2014) and~42 % of that of myosin (Siethoff et al. 2014) . The normal level of motility shown by the CNT-adsorbed myosin molecule in this system (Inoue et al. 2015 ) is the first demonstration that a single CNT can be used as a platform to evaluate this protein's normal function as a myosin motor.
Laser-induced heating of biomolecules
To heat biological organisms in water, the water is often heated directly with infrared laser irradiation (~1480 nm), as in the targeted induction of gene expression in Caenorhabditis elegans (Suzuki et al. 2013) . Since the minimal targeting size in the laser irradiation system is limited by the beam of the laser light, and 1480-nm light is relatively harmful to (Lervik et al. 2010 ).
biological tissue due to its high absorption by water, nearinfrared (NIR) light is more suitable for non-invasive tissue irradiation. In contrast to the low absorption of the NIR light by water, CNTs can effectively absorb NIR light (wavelength 1064 nm, power 1536 mW) to induce a local temperature rise of up to 172°C in mammalian tissue (Picou et al. 2010) . Continuous NIR irradiation (wavelength 808 nm, power 50-500 mW) on singlewalled CNTs effectively ablates cancer cells such as HeLa (Kam et al. 2005 ) and human lung-cancer NCI-H460 cells (Murakami et al. 2012 
Single-CNT-based local heating of myosin motors
Rapid thermal activation of motor proteins can achieved by directing 1053-nm laser irradiation (power 50-100 mW) onto a 2-D metal surface (Kato et al. 1999; Kawaguchi and Ishiwata 2001) . Inoue et al. (2015) activated actin-filament sliding by locally applying NIR-laser irradiation to one end of a single myosin-coated CNT (Fig. 2) or to a planar aggregate of myosin-coated CNTs, suggesting that a single CNT Fig. 2 Laser-induced activation of actomyosin sliding. a An optical microscope, used for both dark-field and fluorescence imaging, was combined with a 642-nm laser used to locally irradiate one end of a CNT. A shutter or a neutral density (ND) filter was used to induce controlled temporal changes in laser irradiation, while the movement of actin filaments sliding along a myosin-coated CNT was observed. b Actin filament sliding speed in response to laser irradiation. Open blue circles Speed of individual actin filaments along a myosin-coated CNT, red filled circles averaged speeds with standard deviations (whiskers). The average speed increased with increasing laser power (from 0 to 0.68, 1.4, and 2.7 mW) in a reversible fashion. Experiments were performed using myosin filaments at room temperature (20°C). Figure is taken from Inoue et al. (2015) can efficiently convert NIR light into heat. The average speed before irradiation was 6.0 ± 1.8 μm/s at 20°C; the speed increased slightly to 7.8 ± 2.5 μm/s with irradiation of 0.68 mW, and returned to 6.3 ± 3.9 μm/s after irradiation had been stopped. This reversible increase in speed indicated that the temperature increase was localized close to the CNT, with negligible heating of the solution as a whole. When the laser power was increased first to 1.4 mW and then to 2.7 mW, the sliding speed accelerated to 8.2 ± 1.4 and 11.4 ± 3.0 μm/s, respectively, before returning to original speed upon cessation of irradiation. Using the temperature dependence of the sliding speed, which had been measured in a previous study (Baker et al. 2011 ). Inoue et al. (2015 estimated the temperature of the myosin motors as shown in Fig. 2b (right axis), indicating a temperature jump by up to~12 K. These results suggest that multi-walled CNTs are a powerful platform for activating motor proteins in real time by applying external heat, as well as for measuring the proteins' activities.
Repetitive acceleration of a single actin filament on a CNT
In addition to the long heating period of~20 s required for single-CNT-based local heating, Inoue et al. (2015) also demonstrated that local heating can be achieved by intermittent laser irradiation of~0.2 s (Fig. 3) , consistent with a fast heat transfer of <1 s. Laser irradiations of both 1.4 (Fig. 3a) and 2.8 mW (Fig. 3b) increased the sliding speed of single actin filaments in a reversible manner. When the laser power was increased to ≥3 mW, the speed did not increase or was reduced irreversibly due to thermal denaturation of the myosin molecules at temperatures of >40°C (Baker et al. 2011) . Kymographs of changes in the sliding speed of a single actin filament at different powers of laser irradiation (1.4-2.8 mW; (Fig. 3a, b) showed that the sliding speed accelerated markedly during the first and second irradiations, followed by more moderate acceleration during the third to sixth irradiations. These results suggest that the acceleration may depend on the distance from the irradiated area, with a temperature gradient forming along the longitudinal axis of the CNT. The temperature profile along the single CNT was confirmed by plotting the temperature of the myosin molecules, estimated from the sliding speed of each actin filament (Fig. 2b) versus the mean distance from the irradiated spot (Fig. 4a) . In this case, actin filaments could be propelled in either direction on the myosin-coated CNT depending on the directionality of each actin filament, demonstrating that the downward trend of temperature in Fig. 4a was due to neither the directionality of the sliding movement nor convective water flow (which was negligible with an experimental condition of 0-2.8 mW).
Heat conduction by a single multi-walled CNT in solution
To explain the temperature profile along a single CNT, Inoue et al. (2015) calculated the heat transfer from the irradiated spot to the myosin-coated CNT and surrounding water by the finite element method (FEM) using a 3-D model (shown in Fig. 4b ) consisting of a single CNT (length 15 μm, diameter 170 nm) and a large amount of surrounding water (a cuboid of 20 × 20 × 30 μm 3 ). Assuming that the end point (length 2 μm) of the CNT works as a heat source by laser irradiation, these authors numerically determined the heat conduction from the end point into the rest of the CNT and the surrounding water using a boundary condition of constant temperature (20°C) at the 6 planes of the water cuboid. In this calculation, the thermal conductivity of both myosin and the actin filament was neglected due to the small size of these proteins and their similar thermal conductivity (0.12-0.23 Wm Lervik et al. 2010 ) to water (~0.6 Wm
). The convective water flow was also neglected in the subsequent FEM calculations because the effect of convection was confirmed to be negligibly small in both the experiment (≤2.7 mW) and the preliminary calculation. The FEM calculation was repeated with Inoue et al. (2015) various values for CNT thermal conductivity (k) and the power of the heat source (Q) to find the best fit to the experimental data along a CNT ( Fig. 4a ; solid lines; k = 1540 ± 260 Wm ; Q = 263 ± 84 μW). When the FEM calculation was repeated in a model that took the glass surface under the CNT into consideration (half of the water cuboid was replaced with glass as an extreme case), the thermal conductivity of the CNT did not decrease (k = 2030 ± 390 Wm
± 110 μW), confirming the calculation. Therefore, a high thermal conductivity of ≥1540 Wm ). When the dependency of the thermal conductivity of the multi-walled CNT on both the length and diameter of the CNT was taken into consideration, the speculated value for the CNT in Inoue et al. (2015) (length 15 μm, diameter 170 nm) is 800-1760 Wm
, which is consistent with the FEM calculation. The heat conduction in multi-walled CNTs is reported to be highly anisotropic, such that the in-shell thermal conductivity (λ in = 1800 Wm 
Conclusion and perspectives
In contrast to older laser induction systems that heat large numbers of cells or biomolecules, the single-CNT method offers far more precise control over local temperature and the function of biomolecules at a subcellular level. The reversible single-CNT-based activation of myosin motors revealed a local temperature jump of up to~12 K. The temperature range at which protein activity could be controlled could be expanded to 0-40°C by combining the single-CNT-based heating with cooling of the entire solution by a temperature-control chip (Baker et al. 2011) . FEM calculations for the localization of the temperature jump on a 170-nm-diameter CNT estimated the half-decrease distances to be~250 nm perpendicular to the CNT and~3660 nm along its length. This multi-walled CNT is estimated to ha ve a thermal conductivity of ≥1540 Wm −1 K −1 in solution, which ensures that it is an effective heat conductor for motor proteins and a wide range of other biomolecules. Using a thinner CNT (or smaller nanomaterials) would allow the study of single molecules using this single-CNT-based method. It should be noted that the single-CNT method is not limited to the reversible activation of protein function. The reversible mode becomes irreversible simply by extensive heating at >40°C, which inactivates most proteins irreversibly through thermal denaturation, as demonstrated for ablating cancer cells (Kam et al. 2005; Biris et al. 2009; Murakami et al. 2012) . Inoue et al. (2015) used a constant concentration of oxygen Fig. 4 Temperature distribution along a 170-nm CNT. a The calculated temperatures were plotted against the distance from the laser-irradiated spot. Speeds measured during 20-s cycles of laser irradiation (Fig. 2) were converted to the temperature of the myosin motors, as reported previously (Baker et al. 2011) . The distance was measured from the center of the irradiated spot to the midpoint of the sliding observed on the CNT. Laser power: open circles 0 mW, blue triangles 0.68 mW, orange squares 1.4 mW, red circles 2.7 mW. Respective fitted lines were derived by calculations using b a 3-dimensional finite element method model in which a 170-nm CNT is surrounded by a large amount of water (a cuboid of 20 × 20 × 30 μm 3 ). Heat conduction from an end point of the CNT, the heat source (length 2 μm), into the rest of the CNT (length 15 μm, diameter 170 nm) and into the surrounding water was numerically solved (see text) using a boundary condition of constant temperature (20°C) at the 6 planes of the water cuboid. Figure is taken from Inoue et al. (2015) scavengers for continuous fluorescence imaging (Harada et al. 1990 ). Because laser irradiation of CNTs is known to generate ROS, leading to cellular changes such as protein deactivation, DNA damage and lipid peroxidation, and multi-nuclei formation (Manke et al. 2013) . the use of oxygen scavengers may offer another method to regulate protein activity by inhibiting ROS and blocking the irreversible deactivation of proteins. The flexible control of protein function offered by the single-CNT method, in both reversible and irreversible modes, either by the activation or deactivation, will be useful in many areas of biological research, including biophysics and biomedicine.
